A gene from Rhizobium meliloti coding for an adenylate cyclase was sequenced, and the deduced protein sequence was compared with those of other known adenylate cyclases. No similarity could be detected with the procaryotic counterparts. However, striking similarity was found with the catalytic region of Saccharomyces cerevisiae adenylate cyclase, the cytoplasmic domains of bovine adenylate cyclase, and two mammalian guanylate cyclases. The gene was fused to the enteric j-galactosidase, and the chimeric protein was purified by affinity chromatography. This fusion protein was found to direct the synthesis of cyclic AMP in vitro. This activity was strongly inhibited by the presence of GTP, but no cyclic GMP synthesis could be detected in conditions permitting cyclic AMP synthesis.
Rhizobia are gram-negative bacteria that are able to enter symbiotic association with legume plants, leading to the formation of N2-fixing root nodules. This process involves differential gene expression between the host plant and bacteria, but the signals involved in the modulation of gene expression are not well understood. Cyclic AMP (cAMP) might play a role in regulating metabolism of rhizobia. Indeed, in Bradyrhizobium japonicum, it has been shown that s-ynthesis of glutamate synthetase and glutamate dehydrogenase is repressed by cAMP (40) . Genes presumably encoding an adenylate cyclase were isolated from both B. japonicum (9) and Rhizobium meliloti (12) . The gene cloned from R. meliloti only weakly complemented an Escherichia coli strain that was defective in cAMP production (12) . It was therefore necessary to identify the putative cya gene product as an authentic adenylate cyclase. This prompted us to determine the nucleotide sequence of the gene and to purify the corresponding gene product for enzymological assessment. In particular, it was important to assay whether the protein could synthesize cyclic GMP (cGMP) in addition to cAMP.
Previous experiments with the maxicell technique had suggested that the region encompassing the R. meliloti cya gene could direct synthesis of two proteins (18) . To identify the translational product that was endowed with adenylate cyclase activity, a gene fusion with the E. coli lacZ gene was performed, and the corresponding P-galactosidase hybrid protein was purified.
A new class of phylogenetically related eucaryotic enzymes directing synthesis of cAMP and cGMP was recently discovered (4, 11, 13, 14, 35, 37) . It was therefore of interest to investigate whether the R. meliloti enzyme had any relationship with this new class. As demonstrated below, this was indeed the case; the R. meliloti enzyme, although able to recognize GTP, was not able to synthesize cGMP but could synthesize cAMP at the expense of ATP.
This indicates either horizontal gene exchange or, more probably, that synthesis of cyclic nucleotides was already present very early in evolution before the separation between eucaryotes and procaryotes. * Corresponding author.
MATERIALS AND METHODS
Bacterial strains and plasmnids. E. coli strains and plasmid vectors are described in Table 1 . Strain TP610A was selected as a derivative of strain TP610 on maltose plates in the presence of 50 ,uM cAMP. Plasmid pCU5 (18) , which can complement E. coli strains that are defective in cAMP synthesis, was used as a source of the R. meliloti cya gene for DNA sequencing and for creating a gene fusion to the lacZ gene of E. coli. Plasmid pMC1403 (3) provided a cartridge containing the enteric ,-galactosidase gene truncated at its 5' end. Plasmid pDIA7010 was created during our work by cloning the P-galactosidase gene from pMC1403 into pCU5.
Growth media. M63 minimal medium was prepared as described by Miller (25) and supplemented with the appropriate carbon source (0.4%) and with amino acids (40 ,ug/ml) as required. MacConkey medium supplemented with the appropriate carbon source (1%) was used as an indicator medium for sugar utilization. Ampicillin was used at 50 ,ug/ml (final concentration).
Genetic procedures. Plasmid preparations, restriction enzyme digestions, and ligations were performed as described by Maniatis et al. (21) . Competent bacterial cells were prepared by the technique of Chung and Miller (5) .
Nucleotide sequencing. Standard methods for DNA sequencing by using dideoxy sequencing (32) and M13 singlestranded phage (24) were employed. Sequential deletions of the M13 clones were generated by using DNase I as described by Lin et al. (19) . The sequences of both strands were determined independently in our two laboratories. The DNA sequence information was analyzed in Cork by using the Microgenie sequence analysis program (Beckman Instruments, Inc., Fullerton, Calif.). The data bank was the Genbank compilation of DNA and protein sequences (National Institutes of Health, Bethesda, Md.). In Paris, sequences were analyzed by using the Institut Pasteur software designed by the Unitd d'Informatique Scientifique.
Hybrid adenylate cyclase--galactosidase protein purification and (-galactosidase assays. Bacteria were disrupted by sonication in the presence of 2 M NaCl added to a 20 mM Tris hydrochloride-10 mM MgC12 buffer (pH 7.4) (6). The purification of the hybrid protein by affinity chromatography on TPEG (thiophenylethyl-,-D-galactoside)-Sepharose was (18) . The nucleotide sequence of the 1.5-kb BamHI-EcoRI fragment cloned in pBR322 (pCU5) and containing the 0.8-kb PstI-EcoRI core fragment of the cya gene is presented in Fig. 1 unlikely high number of arginine residues. Because of the high G+C content in the third base of ORFi and the fact that this third-base position of ORFi coincides with the first base of ORF2 (66% in the present case), the probability of finding a termination codon (A+T rich) in ORF2 is low, thus explaining the presence of such a long noncoding ORF. Similarly, ORF3 on the opposite strand, extending over the entire 1.5-kb fragment, also shared its first base of the triplet code with the third base of ORF1. Although fitting with the RNY rule (because it is in frame with ORF1), ORF3 did not reveal a high third-base G+C content as expected. It is therefore unlikely that it codes for a protein.
Upstream from the ribosome-binding site and the ATG start codon located at position 875 in ORF1, several G+C-rich palindromic sequences and inverted repeats were present, located at positions 325 through 345, 360 through 430, and 791 through 912. This suggested that a corresponding transcript might be folded in stable hairpin structures, possibly preventing translation of the corresponding region (15) . This puzzling organization, together with the two translational products of 65 and 28 kilodaltons (kDa) previously found in maxicells (18) , prompted us to identify the corresponding protein.
Construction of cyaA-kacZ fusion. To purify the R. meliloti adenylate cyclase protein, a fusion gene that expressed a hybrid protein with both adenylate cyclase and ,B-galactosidase activities was constructed. First, the SmaI-SalI fragment of pMC1403 was inserted in pCU5 between the SmaI and Sall sites (Fig. 2) 
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GCCAMCGGCGGCCGCGCCGCATGGCGGA TACGGCA TGTTCA DFGACATCTAC GATCACCACCATCAGCGAGGGCCGGTCGCCGGMEGMGTGGTCGCGATGCTCTCGG 850< Notl >  870  880  890  900  910  920  930  940 950 960 AGTAMCGACCTGTTCAGCAGTCGTCGCCGCCCACGACGGMACCATCATCCMTTCCATG6GATCGGTCMTGCCAT6TG6MCGCGCCGGTCGCCGATACCAGGCATGCCGAGC   970  980  990  1000  1010  1020  1030  1040  1050  1060 1070 1080 AGTTCCGCACCCGCTTCGGCATCCACACCGGAACGGCCGTCG   1090  1100  1110  4Xhol  1130  1140  1150  1160  1170  1180 1190 1200 TCGGCAGCGTCGGCGCCMGGAAGCTGCMTATACGGCGATGGGCGACACGTGMCGTCGCCTCGCGGCTCGAGGGCATM CMGGATTACGGCACGAGCGTTCTTTMAGCGGCG   1210  1220  1230  1240  1250  1260  1270 4Xhol  1290  1300 1310 1320 corresponding to the truncated lacZ gene start. Strain TP2339 (AlacX74) was then transformed with plasmid pDIA7010. To obtain a spontaneous cya-lacZ fusion, mutants that restored growth on minimal medium supplemented with 0.4% lactose were then selected, and it was determined that the mutation permitting growth on lactose was carried by the plasmids thus obtained. Strain TP2010 was subsequently transformed with the mutant plasmids. One such plasmid (pDIA7010A), shown to be cya and lacZ positive, was chosen for further study. Strain TP2010 transformed with pDIA7010A was able to grow on minimal medium supplemented with 0.4% lactose or 0.4% maltose. The 0.28-kb XhoI-BamHI fragment of pDIA7010A that included the junction of the gene fusion was sequenced. It showed a deletion of 34 bp that had removed the TGA stop codon and resulted in an in-phase fusion of the cya and lacZ reading frames. The resulting gene fusion also confirmed that all or part of ORF1 was expressed in E. coli under the present conditions. This deletion appeared to be created by a crossover event involving an 11-bp direct repeat (Fig. 3) . To substantiate the hypothesis that it was generated by homologous recombination, the experiment designed to provide Lac' colonies in minimal plates was repeated in a recAdeficient background (strain TP2010); no Lac' clones were recovered after strain TP2010 harboring plasmid pDIA7010 was plated under conditions similar to those of the original experiment (data not shown). Biochemical analysis of the adenylate cyclase-s-galactosidase hybrid protein. Bacteria harboring plasmid pDIA7010A were grown to the stationary phase in minimal medium supplemented with lactose, and their P-galactosidase content was purified as described in Materials and Methods. The eluted protein was submitted to sodium dodecyl sulfatepolyacrylamide gel electrophoresis, and Western blotting analysis was performed with anti-i-galactosidase antibodies.
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Two main bands were observed (Fig. 4, lane A) . The higher band of 135 kDa corresponded to the adenylate cyclase-P-galactosidase hybrid protein. The could be directly used in a gas-phase sequencer mination of the NH2-terminal residues of the hy was then attempted but failed to yield signific suggesting that under our conditions the N te blocked (data not shown). The purified preparati to assay adenylate cyclase activity as described and Methods. The reactions were carried out which was found to be the optimum pH for th cyclase activity. The hybrid protein synthesized the Km for ATP was determined and estimated (i.e., the usual concentration of ATP inside livini 5). The enzyme activity was inhibited by a conc substrate of 10 and 20 mM. GTP was a strong inh reaction (Fig. 6) To check that the hybrid protein of 135 kDa was the main atein encoded significant translational product endowed with an adenylate
Id the blotting cyclase activity, a small deletion was introduced upstream -s: A, purified from the ATG codon present at position 885 (see below). In A; B, purified this latter case, Western blotting analyses indicated synthe-30. Molecular sis of a hybrid protein with an Mr similar to that of the protein synthesized from the native plasmid pDIA7010A (Fig. 4, lane B) . 875 and 885, respectively. Strains TP2339 and TP610A were transformed with plasmid pDIA7030. They displayed both 3-galactosidase and adenylate cyclase activities. This confirmed that initiation of translation of the fusion protein could occur at the more downstream ATG codon (located at position 885) and that the corresponding protein could synthesize cAMP.
Analysis of the protein sequence of the cya gene. Analysis of the polypeptide sequence translated from the cya gene (from the ATG at position 885 to the TGA at position 1464) revealed no significant similarity with other procaryotic adenylate cyclases either from enterobacteria (1) or from Bordetella pertussis (8) or any other protein translated from the DNA sequences present in the EMBL data bank (release 18) when the algorithm of Lipman and Pearson (20) was used. However, a more thorough comparison of the Rhizo- 5 6 bium cyclase sequence with all other cyclases revealed -1 blocks of identical amino acid residues (Fig. 7) . This ap-1/S (mM) peared to be highly significant, since the regions of identity ylate cyclase were located in regions whose integrity is necessary for d in the text. cAMP synthesis (Saccharomyces cerevisiae [11, 22] , R. adenylate cyclases from higher eucaryotes (4, 13, 14, 37) : the alignments performed by Chinkers et al. (4) and by Krupinski et al. (14) highlight the same blocks of identity (Fig. 7) . It can be therefore inferred that the procaryotic Rhizobium adenylate cyclase shares a common ancestor with adenylate cyclases from S. cerevisiae and bovine brain and also with guanylate cyclases from higher eucaryotes.
DISCUSSION
Determination of the nucleotide sequence of a gene from Rhizobium meliloti complementing cya strains of E. coli allowed characterization of a Rhizobium adenylate cyclase.
The status of this cya gene, which could be expressed in E. coli, was not clear in R. meliloti until recently, when it was possible to inactivate it in R. meliloti F34 (26) . It could be demonstrated that in these latter mutants the level of cAMP was decreased as compared with the level found in the wild-type parental strain. However, a significant level of cAMP was still present in the mutant strain, leading O'Regan et al. to propose that two cya genes exist in R. meliloti (26 (18) . In our case the cya-lacZ gene fusion was cloned downstream from the Tet promoter, and the resulting 135-kDa protein correspond to the fusion of the 26-kDa polypeptide with P-galactosidase. The 64-kDa product might derive from translation initiated at an ATG codon located upstream from the BamHI cloning site and going through the secondary structures present in the region at positions 791 through 912, to be fused to the catalytic center of the protein. Thus, adenylate cyclase might be (as seems to be the case in S. cerevisiae [11] ) present in two forms, one composed of a catalytic center alone and another fused to a regulatory domain.
The Km of the enzyme for ATP was 4 mM, which is somewhat higher than that of its E. coli counterpart (ca 0.6 mM) (6) . Another (14) is the catalytic domain of the protein. Since two homologous domains are prominent in the latter, one may wonder whether the enzyme from the higher eucaryote does not comprise two catalytic domains. A further consequence of these observations is that they indicate a common descent between eucaryotes and procaryotes. Another possibility, although it is unlikely because the overall base composition of the gene is typical of R. meliloti, would be horizontal transfer of the gene. Thus cAMP synthesis may have been present at the origin of the separation between the two kingdoms. In addition, similarity with guanylate cyclase proteins from higher eucaryotes, still visible in R. meliloti through the inhibitory potential of GTP, indicates that a nucleotidecyclizing enzyme of broad specificity was present very early. In this respect, unequivocal confirmation of the presence of cAMP or cGMP in archaebacteria would be of unusual interest.
